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Abstract
We review the recent experimental progress on the charmoniumlike states, mainly from the e+e− annihilation ex-
periments BESIII, Belle, BaBar and CLEO-c, and the hadron collider experiment LHCb. We discuss the results on the
production and decay of the X(3872) states, the vector Y states, as well as the charged and neutral charmoniumlike
Zc states.
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1. Introduction
Quantum Chromodynamics (QCD), the fundamen-
tal theory of the strong interactions, is well tested at
short distances, but is not well understood at long dis-
tances, where non-perturbative eﬀects become impor-
tant. One of the basic properties of QCD is the hadron
spectroscopy. The elementary constituents of hadrons
are quarks, antiquarks, and a vector SU(3) color force
between quarks and antiquarks mediated by an octet
of gluons. Quarkonium spectroscopy is a ideal sys-
tem to investigate and understand QCD. In theory, be-
cause the heavy-quark mass provides a natural boundary
between the perturbative and nonperturbative regimes,
quarkonium system provides a unique laboratory to un-
derstand the interplay between perturbative and nonper-
turbative eﬀects in QCD. The non-relativistic nature of
heavy-quarkonium systems allows us to use the power-
ful eﬀective-ﬁeld-theory tools to analysis these systems,
to unravel the complicated eﬀects of QCD dynamics [1].
Because QCD is conﬁning, only color-singlet hadron
states exist in nature. In the conventional quark model,
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mesons are composed of one quark and one antiquark,
while baryons are composed of three quarks [2]. How-
ever, QCD allows the existence of glueballs (with no
quark), hybrids (with quarks and excited gluon), multi-
quark states (with more than three quarks) and hadron
molecules (bound state of two or more hadrons), so
called exotic states. The existence of the exotic states
is a directly test of QCD. In experiment, it is a long his-
tory of searching for these exotic states, and many can-
didates were proposed [3, 4]. However, no solid state
was unambiguously identiﬁed in the past few decades,
until recently, there are some hints on charmoniumlike
and bottomniumlike particles.
In the past few decades, for charmonium spec-
troscopy, all the states below the charm pair threshold
in mass are observed experimentally. Also, it is found
the observed spectrum are in good agreement with the
prediction of charm and anti-charm potential model [5].
However, above charm threshold, there are still many
missing states, which need more experimental investi-
gation in future. The most interesting thing is, in the
past decade, a lot of new states were observed in the ﬁ-
nal states with a charmonium and some light hadrons.
All these new observed states populate in the charmoni-
um mass region, can be the candidates of un-observed
conventional charmonium. However, a number of fea-
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tures of these new states reveal that they are not the con-
ventional mesons [4, 6, 7, 8].
Because of the unprecedented high luminosity and
copious production of charm and anticharm quark pair,
in the past decade, dramatic progress on the exotic s-
tates was achieved by the two B-factories, i.e. Belle [9]
at KEK and BaBar [10] at SLAC. The BESIII [11] ex-
periment at the BEPCII collider, running in the tau-
charm energy region with high luminosity, can provide
extreme clean environment to study the charmonium
and charmoniumlike states. The LHCb [12] experimen-
t at LHC has accumulated 3 fb−1 pp collision data at√
s = 7 and 8 TeV, which correspond to more than an
order more in magnitude of B decay compared to the
two B-factories, can improve the study of the new ob-
servation in B decays. In this review, we present the
most recent experimental progress on the study of the
X(3872) states, the vector Y states, and the charged and
neutral charmoniumlike Zc states etc. The results are
from the e+e− annihilation experiments BESIII, Belle,
BaBar and CLEO-c [13], as well as the hadron collider
experiment LHCb.
2. X(3782) State
The X(3872) state was ﬁrst observed by the Belle ex-
periment in the decay B± → K±π+π−J/ψ more than ten
years ago [14], and then conﬁrmed subsequently by the
inclusive production in pp¯ collisions by CDF and D0
experiments [15, 16] and by BaBar experiment in the
same discovery channel [17]. Since its discovery, the
X(3872) state has stimulated special interest for its na-
ture. Theoretically, it has been explained as a loosely
bound hadronic molecules, a χc2(2P) candidate, a mix-
ture of charmonium and molecule, and other conﬁgura-
tions [4]. Experimentally, The observation of the radia-
tive decay mode γJ/ψ by Belle, BaBar and LHCb exper-
iments [18, 19, 20] establishes the C-parity as positive.
The analysis by the CDF experiment of the π+π−J/ψ de-
cay mode reduce the possible JPC quantum number to
be 1++ and 2−+ [21], and a full ﬁve dimensional angu-
lar analysis by LHCb on the same decay mode ruled out
2−+ by over 8σ compared to 1++ [22].
The X(3872) was observed in B decays and hadron
collisions only before. Since its quantum number is 1++,
it is expected to be produced through the radiative tran-
sition of the excited vector charmonium or charmoni-
umlike states, such as the ψs and Ys. BESIII experi-
ment performed a searching for X(3872) with the pro-
cess e+e− → γX(3872) → γπ+π−J/ψ by using the 2.9
fb−1 of data samples collected at the center-of-mass en-
ergy (CME)
√
s = 4.009, 4.230, 4.260 and 4.360 GeV,
Figure 1: Fit to the invariant mass distribution of π+π−J/ψ (summed
over all energy points) measured by BESIII experiment. Dots with
error bars are data, the curves are the ﬁt results
Figure 2: The ﬁt to σB(e+e− → γX(3872))×B(X(3872)→ π+π−J/ψ)
as function of CME measured by BESIII with diﬀerent function. Dots
with error bars are data, the curves are the ﬁt results.
where J/ψ is reconstructed with its e+e− and μ+μ− de-
cay modes [23]. The X(3872) signal is observed clearly
in π+π−J/ψ invariant mass, as shown in Fig. 1 (summed
over all energy points). The measured mass and width
are well consistent with the PDG values [24]. The prod-
uct of the Born cross section times the branching frac-
tion of X(3872) → π+π−J/ψ as a function of CME are
shown in Fig. 2. For the data with
√
s = 4.009 and 4.360
GeV, the X(3872) signals are not signiﬁcant, and the up-
per limit at the 90% conﬁdence level (C.L.) were deter-
mined. The measured cross sections at around
√
s =
4.26 GeV are an order of magnitude higher than that
of continuum production by NRQCD calculation [25],
and its line shape depend on the CME is consistent with
the shape of Y(4260) resonance, which strongly sug-
gest that the observed X(3872) signal might come from
the radiative transition of Y(4260), and is a new de-
cay mode of Y(4260) resonance. Taking the cross sec-
tion of e+e− → π+π−J/ψ measured at √s = 4.26 GeV
measured by BESIII experiment [26] and assuming the
branching fraction B(X(3872) → π+π−J/ψ) = 5% [27],
the fraction R = σ
B(e+e−→γX(3872))
σB(e+e−→π+π−J/ψ) is about 11%, which is
much larger than what we expected, and suggest there
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might be some commonality in the nature of X(3872)
and Y(4260) states.
There are some other properties of X(3872) state ob-
served experimentally, which are very important to in-
vestigate and understand its nature. Being near the
D0D¯∗0 mass threshold and very narrow, the 1++ quan-
tum number imply that it has an S -wave coupling to
DD¯∗, and was interpreted as a good candidate of DD¯∗
molecule or a tetraquark state [4]. In its discovery mod-
e π+π−J/ψ, the π+π− system is compatible with the
decay of a virtual ρ [14], which expects X(3872) has
isospin 1. However, in the decay mode of π+π−π0J/ψ,
the π+π−π0 system is compatible with the decay of a
virtual ω [28], imply its isopin 0. The observed com-
parable branching fractions of two decay modes indi-
cate a severe violation of isospin symmetry, which may
suggest that X(3872) is the DD¯∗ molecule. The ra-
diative transition X(3872) → γJ/ψ was well observed
by BaBar, Belle and LHCb experiments [18, 19, 20].
The evidence for the X(3872) → γψ(3686) reported by
BaBar and LHCb experiments with a statistical signif-
icance of 3.5 σ and 4.4 σ [29, 20], respectively, and
a upper limit by Belle experiment, results in the ratio
of the branching fractions R = B(X(3872)→γψ(3686))B(X(3872)→γJ/ψ) to be
3.4 ± 1.4, 2.46 ± 0.64 ± 0.29 and < 2.1 for three ex-
periments, respectively. The measured values of the
ratio does not support a pure D0D¯∗0 molecular inter-
pretation of X(3872), but agrees with expectations for
a pure charmonium interpretation of the X(3872) state
and a mixture of a molecule and a charmonium inter-
pretation [4, 20].
3. Y States
Y states, neutral vector charmoniumlike particle,
which have quantum number 1−−, can be directly
formed in a e+e− collision. In the past decade, two B
factories have been proven to be very fruitful on the Y
states via Initial State Radiative (ISR) process. Several
Y states, spanning a range of masses between 3900 and
4700 MeV, were observed in dipion transitions to either
J/ψ or ψ(3686).
3.1. Y states observed in π+π−J/ψ ﬁnal states
The most well established of these states, the
Y(4260), was ﬁrst observed by BaBar experiment [30]
in the ISR process e+e− → γIS Rπ+π−J/ψ, and sub-
sequently conﬁrmed by Belle and CLEO experiments
in the same process [31, 32]. Beside Y(4260), Belle
experiment also reported a additional broad structure,
named Y(4008). Recently, both Belle and Babar exper-
iments updated the results of the same analysis e+e− →
γIS Rπ
+π−J/ψ with their full data sets, respectively. [34,
33]. With 967 pb−1 of data sample collected at Υ(nS )
(n=1, 2, · · · 5) resonances, Belle experiment performed
the analysis of e+e− → γIS Rπ+π−J/ψ [33]. Fig-
ure 3 shows the invariant mass distribution of π+π−J/ψ,
the distribution is ﬁtted with two coherent resonances.
The existence of Y(4008) state was conﬁrmed, and
the parameters of the two resonances are consisten-
t with Belle’s previous results [31]. The BaBar exper-
iment performed the same analysis using its 454 pb−1
of data samples collected at
√
s = 10.58 and 10.54
GeV [34], the corresponding invariant mass distribution
of π+π−J/ψ is shown in Fig. 4. The distribution is ﬁtted
with Y(4260) resonance only, and the events collected
at low mass range are explained as the contribution of
tail of ψ(3686) and non-resonance. The disagreemen-
t on the existence of Y(4008) between two B factories
need be clarify by others experiments.
Figure 3: The invariant mass distribution of π+π−J/ψ in the process
of e+e− → γIS Rπ+π−J/ψ, measured by Belle experiment, the distri-
bution is ﬁtted with the two coherent resonances.
Figure 4: The invariant mass distribution of π+π−J/ψ in the process
of e+e− → γIS Rπ+π−J/ψ, measured by BaBar experiment, the distri-
bution is ﬁtted with a Y(4260) state.
Beside via the ISR process in two B factories, the Y
states can also be investigated through direct e+e− an-
nihilation with CME at the corresponding energy re-
gion, the measurements have been performed by the
CLEO-c and BESIII experiments. With 13.2 pb−1 of
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data sample collected at
√
s = 4.26 GeV, CLEO exper-
iment conﬁrmed the existence of Y(4260) → π+π−J/ψ
with 11 σ signiﬁcance [35]. Also, it ﬁrstly presented
the evidence of the Y(4260) decaying by a neutral di-
pion transition Y(4260) → π0π0J/ψ with 5.1 σ signif-
icance [35]. Recently, using much higher integrate lu-
minosity data sample, 525 fb−1 data collected at
√
s =
4.26 GeV, BESIII experiment presented the analysis of
e+e− → π+π−J/ψ, the corresponding Born cross section
σ(e+e− → π+π−J/ψ) is measured to be 62.9 ± 1.9 ± 3.7
pb [36], which is consistent very well with the BaBar
and Belle’s results, and with much improved precision.
The data sample collected by BESIII detector around
4.26 GeV region can be use to measure the line shape
of Y(4260) state, to clarify the existence of Y(4008) s-
tates.
3.2. Y states observed in π+π−ψ(3686) ﬁnal states
In the analogy process e+e− → γIS Rπ+π−ψ(3686),
both BaBar and Belle experiments report the existence
of Y(4360) [37, 38], while Belle experiment report the
extra state of Y(4660). The existence of Y(4660) is
a interesting question. Using the full 520 fb−1 of da-
ta samples with CM energy at or around Υ(nS ) (n=2,
3, 4) resonances, the BaBar experiment updated the
analysis of e+e− → γIS Rπ+π−ψ(3686) [39], where
ψ(3686) is reconstructed with its π+π−J/ψ and μ+μ− de-
cay modes. As shown in Fig. 5, the mass distribution
of π+π−ψ(3686) exhibits clearly two structures, and is
well consistent with the Belle observation. A ﬁt with
two resonances is performed on the π+π−ψ(3686) in-
variant mass distribution, and the results on parame-
ters of X(4360) and X(4660) resonances are well con-
sistent with the previous Belle’s results [38]. The ex-
istence of Y(4660) was established. Using 980 fb−1
data sample, Belle experiment updated the analysis of
e+e− → γIS Rπ+π−ψ(3686) with the same decay modes
for ψ(3686) as BaBar experiment [40]. The observed
distribution of π+π−ψ(3686), as shown in Fig. 6, is con-
sistent with that of the previous measurement. The
corresponding distribution is ﬁtted with the two coher-
ent resonances, and the masses of two resonance are
found to be 20 MeV smaller than that of the previous
Belle results [38]. Since there are some events accumu-
lated around the mass region of Y(4260), the ﬁt with
Y(4260) included is also performed, and the signiﬁ-
cance of Y(4260) is found to be 2.1 σ only, where the
parameters of Y(4260) is ﬁxed to the Belle results [33]
in the ﬁt.
Figure 5: The invariant mass distribution of π+π−ψ(3686) in the pro-
cess of e+e− → γIS Rπ+π−ψ(3686), measured by BaBar and Belle
experiments
Figure 6: The invariant mass distribution of π+π−ψ(3686) in the pro-
cess of e+e− → γIS Rπ+π−ψ(3686), measured by Belle with 980 fb−1
data. The ﬁt curve shows the one of four solutions of ﬁt with three
resonance.
3.3. The study of e+e− → π+π−hc(1P) and ωχcJ
Asmentioned previously, except for the dipion transi-
tion to either J/ψ or ψ(3686), and the possible radiative
transition of Y(4260) to X(3872) observed by BESII-
I experiment [23], there is not other decay mode for Y
states observed experimentally to date. Searching for
the new decay modes for the Y states will shed light to
understand their natures.
hc(1P) is P wave spin singlet charmonium state, the
observed of transitions to hc could provide insight into
the perplexing nature of the charmonium states above
DD¯ threshold [4]. It is worth to point out that var-
ious QCD calculations indicate that the charmonium
hybrid lies in the mass regions of these Y states [41],
and the cc¯ tend to be in a spin-singlet state. Such a
state may strongly couple to a spin-singlet charmoni-
um state such as hc. The signiﬁcant enhancement on
the cross section of the dipoin transition to hc states
was observed by CLEO experiment with data sample
at
√
s = 4.17 GeV [42]. The interesting question is
whether the production correlated with the Y(4260) or
others charmonium states. With totally 3.1 fb−1 of da-
ta samples collected at 13 CME spanning from 3.90
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to 4.42 GeV, BESIII experiment performed the analy-
sis of e+e− → π+π−hc [43], where hc is reconstruct-
ed via its electric-dipole (E1) transition to ηc, and ηc
is reconstructed with 16 exclusive hadronic ﬁnal states,
which include about 40% of ηc decay. The measured
Born cross sections of e+e− → π+π−hc at the each
CME point are shown in Fig. 7 as the ﬁlled circles
with error bars, and the corresponding results from the
CLEO-c are also shown as triangle with error bars in the
same ﬁgure. For comparison, the Born cross sections
of e+e− → π+π−J/ψ as function of CME measured by
Belle experiment [33] are shown in the same plots with
open circles with error bars. The measured Born cross
section of e+e− → π+π−hc is of the same order in mag-
nitude as those of e+e− → π+π−J/ψ, but with a very
diﬀerent line shape. There is a local maximum around
4.23 GeV observed, but in the high CME range, it is un-
clear if the line shape of Born cross section is a broad
structure or a ﬂat distribution. The correlation of the ob-
served Born cross sections with Y states or others char-
monium states is unclear, more data around 4.23 GeV
and above 4.40 GeV may help to reveal its nature. Us-
ing the same data samples with high integral luminosity
at
√
s = 4.23, 4.26 and 4.36 GeV, BESIII experimen-
t also performed the analogy neutral dipion transition
e+e− → π0π0hc, the measured cross sections are agreed
with the expectation of isospin symmetry, 0.5, within 2
σ [44].
Figure 7: The Born cross section of e+e− → π+π−hc at diﬀeren-
t CME from the BESIII (ﬁlled black circles with error bars) and
CLEO-c (Triangles with error bars) experiments, as well as those of
e+e− → π+π−J/ψ from Belle experiment (open circles with error
bars)
Due to the threshold eﬀect, it is expected a sizeable
coupling between Y(4260) and the ωχc0 channel, which
may plays a role in reducing the decay rates into open
charm channels [45]. Based on the data sample at 9
CME from 4.21 to 4.42 GeV, BESIII experiment per-
formed the analysis of e+e− → ωχcJ (J=0, 1, 2) [46].
The process e+e− → ωχc0 was observed for the ﬁrst
time at
√
s = 4.23 and 4.26 GeV, and the Born cross
section are measured, respectively. The ωχc0 at the oth-
er 7 energy points and e+e− → ωχc1 and ωχc2 are not
signiﬁcant, and the upper limits on the cross section
are determined. The measured Born cross section of
e+e− → ωχc0 as a function of CME is shown in Fig. 8,
and is found to be inconsistent with the line shape of
the Y(4260) observed in e+e− → π+π−J/ψ, which may
indicate the production of e+e− → ωχc0 does not arise
from Y(4260).
Figure 8: The Born cross section of e+e− → ωχc0 at diﬀerent CME
points from 4.21 to 4.42 GeV
3.4. Discussion
Since most of the new Y states are produced via IS-
R process and observed in the dipion transition to J/ψ
or ψ(3686) processes, a natural interpretation of these
states are the excited vector charmonium states. How-
ever, a number of peculiar features of these states re-
veal that these new Y states may not be conventional
charmonium states. Naive quark model has been proved
to describe the charmonium spectrum very well, and it
expects ﬁve vector states with mass within 4.0-4.7GeV
range [8] (they seen to be well established except for 5S
state [47, 48]). However, it is found that the observed
new Y states are inconsistent with quark model predic-
tions in mass. The new observed states are all above
the open charm threshold, and is expected to strongly
couple to D(∗)D¯(∗) ﬁnal states if they are the conven-
tional charmonium states. In contrast, these states are
observed in the dipion transition to low mass charmo-
nium states only, which indicate a sizeable coupling to
the charmonium ﬁnal states, and absent in the D(∗)D¯(∗)X
ﬁnal states [49, 50]. Also, the states are observed nei-
ther in the exclusive hadronic ﬁnal states [51] nor in-
clusive hadronic ﬁnal states [52]. The states are not
observed in the others transition to charmonium states,
such as ηJ/ψ, either [53]. Moreover, the unexpected line
shape of production cross section of e+e− → π+π−hc
and e+e− → ωχc0 observed by the BESIII experiment
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imply the existence of the more complicate and myste-
rious underling dynamics in these states. Theoretically,
many interpretations are proposed to classify these Y s-
tates, such as hybrid charmonium [54], tetraquark [55]
or hadronic molecule [56], etc., but all need further ex-
perimental inputs.
4. Zc States
The observations of charged resonances above the
open-charm threshold that couple strongly to charmo-
nium had led to signiﬁcant interest in both experimental
and theoretical communities. Such resonances, decay-
ing to a heavy charmonium state and a charged light-
quark meson are manifestly exotic, requiring a minimal
quark content of QQ¯qq¯.
4.1. Observation of the Zc(3900) and Zc(3885)
In the study of the e+e− → π+π−J/ψ process us-
ing a 525 pb−1 of data sample taken at
√
s = 4.26
GeV, BESIII experiment observed a structure near 3.9
GeV/c2, called Zc(3900), in the invariant mass of π±J/ψ,
M(π±J/ψ), with a statistical signiﬁcance larger than 8
σ [36]. A unbinned maximum likelihood ﬁt to the
distribution of M(π±J/ψ) is performed, as shown in
Fig. 9, and the mass and width of Zc are found to be
3899.0 ± 3.6 ± 4.9 MeV/c2 and 46 ± 10 ± 20 MeV,
respectively, its production ratio was measured to be
R = e
+e−→π±Z∓c (3900)→π+π−J/ψ
e+e−→π+π−J/ψ . = (21.5 ± 3.3 ± 7.5)%
Figure 9: The distribution of M(πJ/ψ) from BESIII experiment, and
its corresponding ﬁt curve
Using ISR method, Belle experiment measured the
cross section of e+e− → π+π−J/ψ from 3.8 to 5.5
GeV/c2, a intermediate state, Zc(3900), was observed
in the invariant mass of π±J/ψ for the events with the
invariant mass of π+π−J/ψ around Y(4260) [33]. The
distribution of the invariant mass of π±J/ψ is shown in
Fig. 10. A unbined likelihood ﬁt results in the mass and
width are 3894 ± 6.6 ± 4.5 MeV/c2 and 63 ± 24 ± 26
MeV, respectively, and the corresponding statistics sig-
niﬁcance of Zc(3900) is large than 5.2 σ.
Figure 10: The distribution of M(πJ/ψ) from Belle experiment, and
its corresponding ﬁt curve
The Zc(3900) was also conﬁrmed shortly after with
CLEO-c data at
√
s = 4.17 GeV [57], whose mass and
width are consistent with the BESIII and Belle measure-
ments. Zc(3900) is the ﬁrst charged charmoniumlike
particle observed by the more than two diﬀerent experi-
ments.
Figure 11: The invariant mass distributions of D0D∗− and D+D∗0
from Belle experiment, and its corresponding ﬁt curve
Since the new observed Zc(3900) is very close to the
theshold of (DD¯∗)± in mass, it is interesting to known
its coupling to the (DD¯∗)± ﬁnal states. Using the same
data sample at
√
s = 4.26 GeV, BESIII experiment per-
formed the study of e+e− → π±(DD¯∗ + c.c.)∓ [58]. To
increase the detection eﬃciency, a partial reconstruction
technique was applied, i.e. only the bachelor π± and one
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D meson were detected, and the D0∗ was reconstruct-
ed by the recoiling mass of Dπ± under the energy mo-
mentum conservation. As shown in Fig. 11, a charged
structure, named Zc(3885), was observed on the invari-
ant mass distribution of (DD¯∗)± near the (DD¯∗)± mass
threshold. A unbinned likelihood ﬁt on the (DD¯∗)± in-
variant mass was performed, and results in the mass and
width are 3883.9±1.5±4.2 MeV/c2 and 24.8±3.3±11.0
MeV, respectively. The pole angular distribution of
bachelor π±, shown in Fig. 12, favors its quantum num-
ber to be 1+ assignment.
Figure 12: The pole angular distribution of bachelor π±, the solid,
dashed and dotted curves show expectations for JP = 1+, 0−, 1−, re-
spectively.
An important question is whether the Zc(3885) and
Zc(3900) are the same particle. The mass and width of
Zc(3885) are 2 σ and 1 σ, respectively, lower than those
of Zc(3900) observed by BESIII and Belle experiments.
However, neither experiment performed the ﬁt consider-
ing the interference with a coherent non-resonant back-
ground that could shift the results. A quantum num-
ber study of Zc(3900) would provide an additional test
of this question. Assuming the Zc(3885) and Zc(3900)
are the same particle, we can get the Γ(Zc(3885)→DD¯
∗)
Zc(3900)→πJ/ψ =
6.2 ± 1.1 ± 2.7. The ratio is much smaller than the
typical values for the decays of conventional charmo-
nium states above the open charm threshold (a few hun-
dred [59] normally), which suggest the inﬂuence of very
diﬀerent dynamics between Y(4260) and Zc(3900).
Another important question for Zc(3900) is if its
isospin partner Zc(3900)0, which is expected to cou-
ple to π0J/ψ ﬁnal state, is existed. CLEO-c data at√
s = 4.17GeV show the evidence of Zc(3900)0 with
statistical signiﬁcance 3.5 σ in the process e+e− →
π0π0J/ψ [57]. Using 2.8fb−1 data at 10 CME points
from 4230 to 4420 MeV, BESIII experiment performed
the study of e+e− → π0π0J/ψ, the preliminary results
show Zc(3900)0 signal at
√
s = 4.23, 4.26 and 4.36 GeV
data samples with statistical signiﬁcance 10.4σ, and the
corresponding mass and width are 3894.8± 2.3 MeV/c2
and 29.6±8.2 MeV, respectively, which are very close to
those of charged Zc(3900). The nature of isospin vector
is established for Zc(3900).
4.2. Observation of the Zc(4020) and Zc(4025)
As described in Sec.3, BESIII experiments measured
the e+e− → π+π−hc cross section at CME between 3.90
and 4.42 GeV [43]. The intermediate states are stud-
ied by examining the Dalitz plot of the selected π+π−hc
candidate events with the data sample at
√
s=4.23, 4.26
and 4.36 GeV, which have large luminosity. There
are not clear structures observed in the π+π− system,
while a distinct structure, called Zc(4020), was observed
around 4.02 GeV/c2 in the π±hc system in the Dalitz
plot, no signiﬁcant Zc(3900) signal is observed. Fig-
ure 13 shows the corresponding distribution of invari-
ant mass of π±hc, M(π±hc) (two entries per event), as
well as the background events estimated from normal-
ized hc mass sideband. The unbinned maximum like-
lihood ﬁt is performed to the invariant mass spectrum
of π±hc, which neglect possible interferences, results in
a mass of 4022.9 ± 0.8 ± 2.7 MeV/c2 and a width of
7.9 ± 2.7 ± 2.6 MeV and with a statistical signiﬁcance
greater than 8.9 σ for Zc(4020) signal. The unbinned
maximum likelihood ﬁt includes Zc(3900) and Zc(4020)
is also performed, results in a statistical signiﬁcance of
2.1 σ for Zc(3900).
Figure 13: The distribution of invariant mass of π±hc from BESIII ex-
periment, (sum of the data sample at
√
s = 4.23, 4.26, and 4.36GeV),
the curve shows the ﬁt results with Zc(4020) included. The inset
shows the distribution of invariant mass of π+hc, and ﬁt results with
the Zc(3900) and Zc(4020) included.
Since the mass of Zc(4020) is very closed to the
(D∗D¯∗)± mass threshold, it is interesting to know if it
couples to (D∗D¯∗)± ﬁnal state. BESIII experiment per-
formed a study of e+e− → (D∗D¯∗)±π∓ process using
827 pb−1 data at 4.26 GeV [60]. A partial reconstruction
technique, i.e., only the charged D meson and the bach-
elor pion were reconstructed, is applied to increase the
detection eﬃciency, and a additional π0 in ﬁnal states is
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required to further suppress the backgrounds. The re-
coiling mass spectrum of the bachelor π± is shown in
Fig. 14, a structure near the (D∗D¯∗)± threshold is ob-
served, which can not be described with the phase s-
pace. A unbinned maximum likelihood method yields
a mass of 4026.3 ± 2.6 ± 3.7 MeV/c2 and a width of
24.8 ± 5.6 ± 7.7 MeV. The measured mass and width
agree with those of the Zc(4020) within 1.5 σ. As-
suming the Zc(4020) and Zc(4025) are the same state,
the ratio of partial decay widths is determined to be
Zc(4025)→(D∗D∗)±
Zc(4020)→πψ(3686) = 12 ± 5, which is much smaller than
the expectation of the conventional charmonium state
above open charm pair mass threshold.
Figure 14: The recoiling mass of π± from BESIII experiment in the
process of e+e− → (D∗D¯∗)±π∓, the curve shows the ﬁt results with
Zc(4025) included.
The same as Zc(3900), it is also interesting to search
for the isovector partner of Zc(4020), neutral Zc(4020)0
state. BESIII experiment performed the analysis for
analogy process e+e− → π0π0hc with data sample at √s
= 4.23, 4.26 and 4.36 GeV [44]. A obvious peak around
4.02 GeV/c2 was observed in the π0hc invariant mass
spectrum, as shown in Fig. 15, a simultaneous ﬁt to the
π0hc mass in the three CME points with a ﬁxed width of
Zc(4020) is performed, yields a mass of 4023.6±2.2±3.9
MeV/c2 and a statistical signiﬁcance larger than 5 σ for
Zc(4020)0. The nature of isospin vector is established
for Zc(4020).
4.3. The conﬁrmation of Zc(4430) and observation of
Zc(4200)
The ﬁrst evidence of charged charmoniumlike par-
ticle, named Zc(4430), was reported by Belle collabo-
ration in the π±ψ(3686) ﬁnal state in the decay B →
Kπ±ψ(3686) with signiﬁcance 6.5 σ. The analysis is
based on 605 fb−1 of data sample collected near the
Υ(4S ) resonance [61]. However, based on 413 fb−1 of
data sample collection at
√
s = 10.58 GeV, BaBar ex-
periment did not support the existence of Zc(4430) in
the same process by a two dimensional (2D) analysis,
Figure 15: The distribution of invariant mass of π0hc from BESIII ex-
periment, (sum of the data sample at
√
s = 4.23, 4.26, and 4.36GeV),
the curve shows the ﬁt results with Zc(4020) included.
where the invariant mass distribution of π±ψ(3686) can
be well explained by the reﬂection of the K∗ in Kπ ﬁnal
state [62]. With the similar 2D analysis method, which
take into account the eﬀect of K∗ reﬂections, Belle up-
dated the analysis with 605 fb−1 of data sample [63],
and conﬁrm the existence of Zc(4430) with 6.4 σ. Re-
cently, base on 711 fb−1 data sample, Belle collabora-
tion further updated the study with a full 4D amplitude
analysis, conﬁrmed the existence of Zc(4430) [64], and
the preferred assignment of its quantum number 1+ is
favoured over the other assignment by more than 3.4 σ.
The results for the mass and width of Zc(4430) are 50
MeV(/c2) higher and much broad than the previously re-
sults [61], respectively. Figure 16 shows the distribution
of M2(πψ(3686)) from Belle experiments, and its corre-
sponding ﬁt curve from the full 4D amplitude analysis.
Figure 16: The distribution of M2(πψ(3686)) from Belle experiment,
and its corresponding ﬁt curve from the full 4D amplitude analysis
The existence of the Zc(4430) has been questioned
until recently the LHCb experiment reported a full 4D
model-dependent amplitude ﬁt to a much larger sam-
ple of B0 → K+π−ψ(3686) event [65], where all known
K∗0 → K+π− resonance below or near the mass thresh-
old are included in the ﬁt with theirs nominal mass.
The Zc(4430) was observed with a signiﬁcance larg-
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er than 13.9 σ, the spin-parity is determined to be 1+,
and the mass and width are consistent with those of
Belle latest results. Figure 17 shows the distribution of
M2(πψ(3686)) from LHCb experiments, and its corre-
sponding ﬁt curve from the full 4D amplitude analysis.
With the large statistics, LHCb experiment also divided
the M2(πψ(3686)) bins around the Zc(4430) peak and
ﬁt the real and imaginary parties of Zc(4430) ampli-
tudes, the resulting Argand diagram is consistent with
a rapid changed of the Zc(4430) phase when its magni-
tude reached the maximum, a behavior characteristic of
a resonance. With the LHCb results, the ﬁrst charged
charmoniumlike state, Zc(4430), is established after the
seven years of its discovery at Belle experiment, though
its mass and width are changed.
Figure 17: The distribution of M2(πψ(3686)) from LHCb experiment,
and its corresponding ﬁt curve from the full 4-D amplitude analysis
With the similar full 4D analysis method, Belle
collaboration performed the study on analogy process
B0 → K−π+J/ψ based on the same 711 fb−1 of data
sample near the Υ(4S ) resonance, where all the known
excited K∗s below and near the threshold are included
in the ﬁt. A resonance, around 4200MeV/c2 with very
broad width (∼370MeV), named Zc(4200), is found
with 7.2 σ signiﬁcance. The quantum number prefer
1+, and the other assignments are rule out with at least
5.6 σ level. The existence of Zc(4200) state need to be
conﬁrmed by other experiments. In addition, a strong
evidence for Zc(4430)− → π−J/ψ is observed with a sig-
niﬁcance level of more than 4.0 σ. It is the second de-
cay mode of Zc(4430) and the R =
B(Zc(4430)−→π−J/ψ)
B(Zc(4430)−→π−ψ(3686))
= 0.09+0.18−0.05, which is a very important variable to distin-
guish the nature of Zc(4430) state.
4.4. Discussions
To date, there are three charged charmoniumlike s-
tates, Zc(3900), Zc(4020) and Zc(4430) are established
experimentally, while others two states Zc(4050) and
Zc(4250) observed in B → Kχc1π−[66] and Zc(4200)
observed in B0 → K+π−J/ψ by Belle experiment need
further conﬁrmation by other experiments.
The nature of these states are unclear, and have been
discussed for a long time. We have not conclude if they
are the new type of QCD states or due to dynamically
generated structures, but it is sure they are not the con-
ventional charmonium. Many interpretation have been
proposed [4] to explain these states, but all need more
experimental input. The understanding of these Zc s-
tates and the similar states in the bb¯ system [67] may
help in the development of the QCD at non-perturbative
domain.
5. Summarry and perspectives
QCD predicts the existence of exotic states, search-
ing for the exotic states is a directly test of QCD. In the
past decade, a lots of new charmoniumlike states are ob-
served in charmoniummass region from diﬀerent exper-
iment, but their peculiar features reveal an exotic nature
which excludes a conventional charmonium interpreta-
tion. The nature of these new observations are unclear
to date. More experimental inputs, e.g. measuremen-
t of more transitions between states, exploration of al-
l possible production and decay mechanisms, precise-
ly measurement of their properties and strong similar-
ities between charmonium and bottomonium system,
may shed light in understand their natures. The past
Belle, BaBar, CLEO-c and the running BESIII exper-
iments have remarkable success and signiﬁcant contri-
bution on these studies, and can immediately add our
understanding for these new observations. The coming
experiments, Belle-II, Panda, upgraded LHC and others
experiments, such as CLAS12, GlueX etc, are deﬁnitely
believed to have much more fruitful results in future.
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